Simulation of selected strong motion records of the 2003
I N T RO D U C T I O N
During the past few decades there has been a rapid growth in the world's population and cities, and a propensity for this growth to be concentrated in urban areas. This growth of the cities, in general, is accompanied by the concentration of population in places where there are no enough real seismic records to develop reliable building codes and enough local records for seismic design buildings. Simulation techniques are probably the best way overcoming the problem of few real records of big events and exploring the mechanism of events as well. These techniques provide an estimate of seismic ground motion in areas with potential of destructive earthquakes and no exact evaluation.
Strong-motion simulation approaches can provide synthetic signals for areas where recordings are absent, and can thus give estimates of the dependence of strong ground motion on different Parameters: the characteristics of the seismic source, the path, and local soil conditions. Time histories can be generated whose wave composition, duration, and frequency content reflect these characteristics. The simulation results always are being compared with observed strong ground motion to establish validity of the technique. Once established through comparison with some real records at different places, they can be used for areas with no remarkable big events, giving the needed estimations and also can define scenario earthquakes for seismic hazard assessment.
To capture the real and complete picture of hazard effects we need to introduce near fault effects to the process for sites close to the source which should modelled as extended source. For sites far from the source we can use far-field modelling which needs point source to satisfy the method as we used in this paper.
As pointed out by Panza et al. (2001) , when the equations of motion in flat, laterally heterogeneous media are solved with the modal approach, a distinction can be made between two classes of analytical methods: methods based on mode coupling and methods based on ray theory.
In this paper we used an analytical procedure for determining the seismic wavefield in a 3-D anelastic medium based on the coupling of ray theory and modal summation (MS; La Mura et al. 2011; Panza et al. 2013) to model the real records from 2003, M w = 6.6 (Fu et al. 2004; Okumura et al. 2004; Fielding et al. 2005 Fielding et al. , 2009 Funning et al. 2005; Tatar et al. 2005; Bouchon et al. 2006; Jackson et al. 2006; Sadeghi et al. 2006; Peyret et al. 2007 ) Bam earthquake. The method starts from the expression of the wavefield represented by a sum of normal modes in a half-space with weak lateral heterogeneity, under the assumption of validity of the WKBJ approximation (AA.VV. 1989; La Mura 2009; Panza et al. 2012 Panza et al. , 2013 , the phase velocity, phase attenuation, and geometrical spreading are computed by means of the shooting method for two point ray tracing. The procedure has been introduced and validated in La Mura et al. (2011) .
Not using extended source we will encounter some problems with high frequencies but the aim of this paper is not to reproduce the exactly the same waveforms of the records, but to show that a new tool is available to scientific community to modelling earthquake in a more complete way, using a 3-D model. Extended source usage which will enormously affect more complete waveforms and give real conditions for near fault estimation is the next step towards the development of the method.
RO L E O F T H E W K B J A P P RO X I M AT I O N
In the framework of the linear theory of elastic media, seismic waves are represented as a perturbation that propagates within a continuous medium. These perturbations are supposed to be generated by a transient disequilibrium occurring in the stress field. Once the Lagrangian formulation is adopted to describe the deformations of anelastic continuum, the displacement of each particle is represented by the vector field U(x, t), that is the solution to the wave equation describing the propagation of the seismic filed in the considered medium. Both numerical and analytical methods can be used to this aim. Panza et al. (2001) explains in detail the nature and the process of these methods. Choosing one of these methods is not so easy: advantages and disadvantages are related to the final goal and usually a compromise is necessary. Technically speaking, the choice depends on the ratio between the wavelength of the seismic signal and the extent of the lateral heterogeneities.
If the heterogeneity is not so severe in a laterally varying model, it can be treated as a small perturbation, that is, within a wavelength, of a reference lateral homogeneous model and a procedure based on the ray method can be used to construct an approximate solution responding to the wavefield (Woodhouse 1974; AA.VV. 1989; Dahlen & Tromp 1998) . By this hypothesis a vertical heterogeneous half space can be modelled with a series of homogeneous flat layers, parallel to the free surface, then, lateral thicknesses variation and elastic parameters characterizing each layer, can be expressed as a perturbation by a small parameter, , of the original properties in such a way that, if = 0 the medium is a laterally homogeneous layered structure. Regarding wavelength roles, if the perturbation in is small within a wavelength, an approximate solution corresponding to the surface wavefield can be obtained by mean of a procedure based on the ray method (Woodhouse 1974; AA.VV. 1989 ). If we imagine a lateral heterogeneous model made up of two or more vertically heterogeneous structures juxtaposed each other, then in the parameter's space, where each structure is represented by a point, the points corresponding to two adjacent structures must be very close, in other words, they have to be very similar, in the sense of the mechanical parameters, to allow the application of the WKBJ approximation. Concentrating on a model made up by only two structures, this problem is solved introducing between them a set of substructures that have the objective to 'smooth' the gradient of the lateral variation, so that the new laterally varying model presents weak lateral heterogeneities, where weak is meant in the sense of the wavelength. More exactly, in the framework of the WKBJ approximation the strongest smoothness condition that is imposed on the lateral variation of the elastic parameters can be written in the form:
where ∇ ⊥ is the horizontal component of gradient, p is the elastic parameter (i.e. P-and S-wave velocities, V P and V S and the density, ρ) and C = C(x, y) phase velocity. Details of the procedure used for determination of the structures used for smoothing of the horizontal gradient can be found in La Mura (2009) where eq. (1) has been studied in depth and a less strict rule that enables the construction of a sufficiently weak lateral heterogeneous model has been derived. To apply WKBJ approximation we need small lateral variations of the velocity and other physical properties from the geophysical point of view.
-D S T RU C T U R E
The 3-D model is determined by distributing a set of vertically heterogeneous sections (1-D cellular structures) on a regular grid (rectangular or squared) that contains the source and the receiver. The grid step is determined in such a way that the WKBJ approximation is satisfied, that is, the lateral heterogeneity is small within a wavelength (Panza et al. 2012 (Panza et al. , 2013 . To the 3-D model is associated a Cartesian reference system (x-axis is longitude and y-axis is the latitude). With MS, for each cell, occupied by a 1-D structure, both the phase velocity, c, and the phase attenuation, η, can be easily computed in the required portion of the (frequency, c) space; using the bilinear interpolation, c and η, are computed, where necessary along the path source-receiver, as a weighted average of the values at the knots of the grid. A vertically heterogeneous structure is associated to the source and another to the receiver and the eigenfunctions of these two structures enter into the computation of the seismogram (Levshin 1985) . Since we are using the modal representation, the problem reduces to the determination of the ray connecting two given points on a horizontal (2-D) plane. The points are the source and the receiver, identified by their own Cartesian coordinates given within the grid. For each knot both the phase velocity, C, and the phase attenuation, η, are given; again using the bilinear interpolation, in each point inside the cells delimited by these nodes, C and η are computed as a weighted average of the values at the corners of the cell the points belong to. In such a way all the information needed for the computation of the kinematic and dynamic quantities is specified with obvious consequences as far as stability and speed of computation is concerned (La Mura et al. 2011; Panza et al. 2012 Panza et al. , 2013 .
C O M P U TAT I O N A L S C H E M E
The computational scheme is based, besides on the WKBJ approximation for weak lateral heterogeneities, on the two-point ray tracing algorithm, by means of the bi-dimensional shooting method. It can be summarized as follows: at first the ray connecting two points, the source and the receiver, is computed solving the Cauchy problem for the system of ordinary differential equations governing the phenomenon of the evolution of the ray itself; the system is solved employing the numerical fourth-order Runge-Kutta method. Once the ray is determined, the attenuation is computed along it, solving, once again using the fourth-order Runge-Kutta method, the Cauchy problem for a system of ordinary differential equations that is made up of four equations: three equations for the ray and one equation governing the evolution of the attenuation along the ray itself.
Finally, the geometrical spreading is computed considering two more rays that leave the source with an azimuth that is determined increasing and decreasing the azimuth of the characteristic curve of the ray tracing system (the true ray) by a fixed perturbing quantity. For the computational details and for the validation of technique see La Mura et al. (2011) and Panza et al. (2012) . Both MS technique and WKBJ approximation are used here considering the fact of far-field modelling as they are valid for far filed.
M O DA L S U M M AT I O N A N D R AY T R A C I N G
The spectrum of the wavefield represented by a sum of normal modes excited by a point-source in a half-space with weak lateral heterogeneity in the WKBJ approximation is expressed by the formula (Levshin 1985; AA.VV. 1989) :
where k is the index identifying the mode, c k phase velocity, u k group velocity, J k geometrical spreading and τ k the phase traveltime given by
I 0k is the energy integral, k is the attenuation factor given by
V k is the eigenfunction of the wave (Rayleigh or Love k-mode), W k is the source function depending on the source mechanism and source spectrum, R and S indicate receiver and source sites, h is the source depth and z is the receiver depth. The source function, describing the discontinuity of the displacement across the fault, can be approximated, as we used, with a step function in time and a point source in space. On the other hand, the algorithm used in this work is based on the two-point ray tracing performed by the shooting method. To solve the two-point ray tracing problem means to compute all the rays that propagate from the source to the receiver. The shooting method is used to determine the parameter of the ray, most frequently the angle under which each ray leaves the source. For the computation of the ray the assignment of some parameters is mandatory, these are: the tolerance of the shooting method, step and accuracy of the Runge-Kutta algorithm (Aki & Richards 2002, box 7.4 ) and the parameter for the computation of the geometrical spreading. Detailed explanation of the entire computational scheme is found in La Mura et al. (2011) and Panza et al. (2012 Panza et al. ( , 2013 , together with a deep discussion concerning the choice of the initial values for the Runge-Kutta integration procedure and the subsequent computation of the geometrical spreading.
T H E 2 0 0 3 , M w = . , B A M E A RT H Q UA K E
The active tectonic environment in Iran is related to the convergence of the Eurasian and Arabian plates (Berberian & King 1981) . The horizontal GPS velocities (Vernant et al. 2004) show that Arabia moves 21-25 mm yr -1 north relative to Eurasia and the induced deformation is distributed differently over several active deforming zones in Iran (Hessami et al. 2006) . Based on detailed studies by Berberian & King (1981) and Berberian et al. (1984) it is now well known that the vicinity of Kerman province (where Bam city is located) has seen considerable historical and instrumental earthquakes and the active structures there have the potential to generate destructive events as well. Bam town lies to the east of the Gowk fault system on which several large earthquakes have occurred over the past decades (Berberian et al. 1984; Berberian & Qorashi 1994) . The historical (Ambraseys & Melville 1982; Berberian & Yeats 1999) and instrumental (Engdahl et al. 1998 ) seismic activity associated with the Bam-Baravat escarpment itself is rather low and most earthquakes are related to the Nayband, Gowk and Shahdad faults located north of Bam or to the Jiroft fault located in the south. A detailed tectonic and GPS analysis of the region is found in Berberian et al. (1984) , Jackson & McKenzie (1984) , Walker & Jackson (2002) , Vernant et al. (2004) , Walker & Jackson (2004) , Hessami et al. (2004) and Regard et al. (2005) . The 2003 Bam earthquake has been one of the most important earthquakes that hit the Iran Plate in the last decades. The earthquake was particularly destructive with the death toll amounting to 26 000 people and injuring an additional 50 000. The effects of the earthquake were exacerbated by the use of mud brick as the standard construction medium. More than 70 per cent of buildings have been destroyed in the Bam area during this earthquake, as estimated by Iranian government. The earthquake attracted much attention and has been analysed with different methods and approaches from Synthetic Aperture Radar and satellite techniques (e.g. Fu et al. 2004; Talebian et al. 2004; Fielding et al. 2005; Funning et al. 2005) , teleseismic seismology (e.g. Poiata et al. 2009; Poiata et al. 2012) , aftershock studies (e.g. Tatar et al. 2005) , strong-ground-motion (e.g. Ghayamghamian & Hisada 2007; Motazedian & Moinfar 2006) , remote sensing and surface field work . Despite all these studies there is still a discussion on the causative fault of the earthquake. Some researchers, on the base of the geomorphologic analysis of pre-and post-earthquake ASTER VNIR 3-D images or air photographs combined with field study (Fu et al. 2004; Hessami et al. 2004) , indicate that Bam earthquake occurred on the Bam fault zone. In contrast, other researchers, from the analysis of the Synthetic Aperture Radar (SAR) data (Talebian et al. 2004; Wang et al. 2004; Fielding et al. 2005) suggested that this earthquake was caused by a new blind right-lateral fault, 5 km west of the pre-existing Bam fault. The long-period ground motions of the Bam earthquake were deterministically simulated using a kinematic modelling by Ghayamghamian & Hisada (2007) in order to fit observed and simulated ground motion velocities. They suggested a scenario of multi-segment rupture and supported the idea that the Bam earthquake occurred on a new fault ruptured along two north-south and southwest-northeast striking segments with northward and northeastward rupture direction, respectively. Tatar et al. (2005) from seismicity observations supported the old Bam-Baravat as the causative fault. From a 3-D velocity tomography based on the aftershock records, Jeddi & Tatar (2011) tried to relate the difference in the observed velocities at the two sides of the Bam fault, in the depth range from 10 to 20 km, to the effect of the reverse Bam-Baravat fault and suggested that the pre-existing reverse Bam-Baravat fault is a major active structure in the region that could have caused the 2003 December Bam earthquake. The distribution of very well-located (Tatar et al. 2005 ) aftershocks which were collected by a temporary dense network right after the main shock (3 d after) is shown in Fig. 1 . Zaré & Hamzehloo (2004) emphasize the two-stage rupture of the event which caused the two strong phases of energy seen on the accelerograms. The first comprises of a starting subevent with rightlateral strike slip mechanism which is located south of Bam, while the mechanism of the second subevent, few seconds after the main shock, is reverse. The last considerable work on Bam earthquake by Poiata et al. (2012) attempts to determine the precise fault location and source process of the earthquake by performing a multiple time-window linear waveform inversion of teleseismic and strongmotion data, both individually and jointly. Their results show that a single fault model, characterized by the appropriate location of the hypocentre, rake angle variations, and the Rayleigh-like speed of the rupture front can satisfactorily explain the three components of the strong-motion records at BAM station (Poiata et al. 2012) . For a summary of the most important studies on the earthquake see . Reviewing of the literature on the source of the event (e.g. Talebian et al. 2004; Funning et al. 2005 ) and the trend of aftershocks (Tatar et al. 2005) well located by the dense temporary network (Fig. 1) we opted the source location and parameters shown in Table 1 . The selected parameters of the source are adjusted almost from Talebian et al. (2004) and Funning et al. (2005) . To reach an acceptable agreement between the synthetic and observed results the hypocentre is placed a little more deep at 7 km, instead of 5.2 and 6 km reported by Funning et al. (2005) and Talebian et al. (2004) , respectively. The Poiata et al. (2012) also evidence deeper depth at 8 km than what has been reported by Funning et al. (2005) and Talebian et al. (2004) . Beyond ambiguities around the causative fault and discussions around the event we would apply an analytical simulation method to simulate the recorded outputs showing how using sophisticated modelling methods can predict most important features of an event through hybrid techniques.
DATA : O B S E RV E D S I G N A L S A N D 3 -D S T RU C T U R E S
Building and House Research Center (BHRC) is operating the Iranian strong motion network and the raw observed data from BHRC data bank, available for various stations which have recorded Bam earthquake, have been used. The 3-D model of the area containing the earthquake source and the used BHRC stations is determined by distributing a set of vertically heterogeneous sections on the regular grid shown in Fig. 2 . The grid step is determined in such a way that the WKBJ approximation is satisfied, that is, the grid step is chosen as the maximum length needed to allow the lateral gradient of the elastic parameters (characterizing the structures in each node of the grid) to be small within a wavelength. The 3-D structural model is based on a review of the studies of Jeddi & Tatar (2011) and Rahimi (2010) . The velocity structures in the first 35 km are defined from the study of Jeddi & Tatar (2011) with a step of 5 km layering as the result of their velocity tomography using local records, while for the deeper part of models we used the study of Rahimi (2010) , which is the only available study in the region that reaches depths of about 300 km. The cellular models given by Rahimi (2010) have an extension of 1
• × 1
• therefore all the structures below 35 km of depth have identical layering. Attenuation and density parameters are assigned based on the model by Rahimi (2010) . No any other reliable model was available with different depth layering to give us the ability of testing different grid of depth structures. Nevertheless, fine models by Jeddi & Tatar (2011) give the insurance that the 5 km step is fully enough while there are no remarkable abrupt changes in depth on contoured graphical models (Jeddi & Tatar 2011) . Table 2 and Fig. 3 show the parameters for the uppermost 35 km of some selected structures (from the 9 × 10 grid shown in Fig. 2 ) of the area. Each structure has an index in the grid area, which is assigned Table 2 . Elastic and anelastic parameters of some cellular models of the first 35 km of the 3-D grid (Rahimi 2010; Jeddi & Tatar 2011 in YX order (Y for rows and X for columns) from the Cartesian origin (0,0), bottom left-hand corner, shown in Fig. 2 .
R E S U LT S
With the available structural data it has been possible to construct the 3-D grid shown in Fig. 2 , thus we can perform our simulation for the two stations of Abaraq (ABA) and Mohamadabad (MOH). For each station, earthquake ground motion acceleration, velocity and displacement have been computed in time domain and response spectra calculated in frequency domain. Computations are done with two cut-off frequencies: low (1 Hz) and high (6 Hz). To perform 1-D simulation a vertically heterogeneous structure is assigned for modelling the whole area to compute Rayleigh and Love wave modes with modal summation technique. We tested two classes of 1-D modelling, one using the structure where the source is buried (1-Dsrc) in the 3-D simulations and the other with the structure where the receiver is located (1-Drec) in the To reduce dimensions from 3-D to 2-D, the structure (or the closest one) on each column which intersects with the straight line connecting source to receiver has used to replace with structures in all nodes of related column, hence after this replacing each column has an identical structure in different rows. (2) Hybrid 1-D modal summation and 2-D finite difference (2-DFD) as developed by Fäh et al. (1993a Fäh et al. ( ,b, 1994 and Panza et al. (2001) . where N is total number of samples (periods) of response spectra and R obs and R syn are the observed and synthetic response spectra amplitude, respectively. Two parametric tests are performed checking the stability of results. The first test is performed using a smaller grid size in surface structure distribution which has changed from 10 to 5 km and results are shown together in Fig. 16 . The 10 km grid results, which were used for comparison between observed and synthetic signals, are shown in blue while the 5-km-grid signals are shown in black. Changing grid to 5 km has caused some bigger amplitudes and some changes in arrivals but totally the whole shapes are kept. The parameter assignment in ray tracing procedure seems satisfactory while using 10 km grid since no remarkable change is seen by smaller grid of 5 km. this also reveals the quality of data and procedure generating 1-D structures to use creating 3-D grid by Jeddi & Tatar (2011) and Rahimi (2010) . Five kilometres gridding imposes more computational process and gives some high energetic arrivals since of the 3-D method characteristic.
The second critical test is done on the physical properties (attenuation and velocity) of structures. Fig. 17 shows the results of this test while we have changed the Qp, Qs, Vp and Vs, 10 per cent up and down. The results have shown for ABA station at 1 Hz with changing all the structures values 10 per cent increasing and decreasing. In practice the procedure is repeated totally after each change. The Vs, Vp are decreased 10 per cent and the output are captured, then they are increased 10 per cent and again the outputs are calculated. The same procedure is performed while increasing and decreasing attenuation (Qp and Qs) 10 per cent and the whole Observed, first evaluation without any change (3-DMS), increasing Q (3-DMS Qinc), decreasing Q (3-DMS Qdec), increasing velocity (3-DMS Vinc) and finally decreasing velocity (3-DMS Vdec) are shown for all three components of radial, transverse and vertical. The max amplitude of each waveform is written and they show the fine stability of results while the shapes are rather stable except slight changes in amplitudes. synthetic seismograms and observed data at two three-component accelerometry stations in the Bam earthquake area shows that the 3-DMS synthetics reasonably match the early and dominant part of the recorded waveforms although the modelling does not reproduce all the details seen in the recorded waveforms. Some late arrivals in the records can be related to the complexity of the rupture process (Zaré & Hamzehloo 2004) . Some other discrepancies could be due to absence of localized density and attenuation structure of the area which confined us to use the values of Rahimi (2010) which were resolved for 1
D I S C U S S I O N
• × 1 • area and were not enough localized as velocity values in the 3-D structures. However, despite the absence of some mentioned localized information about lateral variations of attenuation for layers, the method still allows us to achieve the most interesting features of the ground motion at the selected stations. The next effective parameter which can cover the miss matches is not using an extended source but a point one. Based on Figs 4-9, which show the comparison between observed and synthetic waveforms and peak values for 1 and 6 Hz cut-offs, the waveform and spectra fitting is best when using 3-D modelling, which is effectively able to reproduce some phases missed No inversion is made to improve the match with observed waveforms and spectra, since the main goal is to test the capability of the procedure to predict ground motion in given sites, based on the existing knowledge about source and medium crossed by waves. Lateral velocity heterogeneities can heavily affect the phase arrival as can be seen from the comparison between 1-D and 3-D waveforms modelling (Figs 4-9) . The local 3-D data about density and quality factor (Q) were not available and for these quantities the regional model derived by Rahimi (2010) is used. It is reasonable to assume that some improvement in the fit observed-synthetic waveforms can be reached by using more detailed data especially on higher frequencies which are considerably dependent on local conditions and especially if we develop the modelling to capture very surface layers with the physical properties of shallow layers, that is, velocities as low as 300-600 m s -1 for almost first hundreds of meters of the site then it effectively will improve higher frequencies correlation between observed and synthetic signals both in time and frequency domains.
A definition of near field, by Aki & Lee (2002) is: 'the area near the causative fault of an earthquake, often taken as extending a distance from the fault equal to the length of fault rupture. It is also used to specify a distance to a seismic source comparable to or shorter than the wavelength concerned. Based on this definition and considering the trend of the fault which is almost south-north and comparing the ABA and MOH stations which are placed northwest and southwest of the source, respectively, distances between selected stations and the fault in the minimum situation is almost two times of the fault length. Some reports from the length of causative fault of Bam can found in Jackson et al. (2006) , Wang et al. (2004) , Tatar et al. (2005) , Zaré & Hamzehloo (2004) , Talebian et al. (2004) , Funning et al. (2005) and Ghayamghamian & Hisada (2007) , which the length is at most around 24 km. Considering these studies and near fault definition, the computations are valid with point source modelling. It should be considered also that real earthquake sources are all finite, but they can be treated as point sources if we are using long-period waves, that is, the period is longer than the duration of the source. If the period is much shorter than the source duration, the finite rupture of the source should be considered. We have used point source and some short periods (high frequencies), which are smaller than the size of faulting, will be missed as they are here and we can see those effects on higher frequencies ranges of response spectra and some missed phases on waveforms. This is why we have better results in low frequency signals and response spectra. In fact for both stations we have better match and fit in low frequency domain range (up to 1 Hz). On the other side the agreement reached so far is satisfactory for engineering modelling purposes and the modelling procedure can be confidently applied for prevention and planning development activities, also on account of the fact that the computation at each site of the three components synthetic signal takes less than 3 hr on a 2 GHz CPU.
0 C O N C L U S I O N
A 3-D structural model is defined by a set of vertically heterogeneous sections (1-D structures) that are juxtaposed on a regular grid in such a way to satisfy the condition of applicability of the WKBJ approximation in the calculation of synthetic seismograms. Inside the grid the source and the receiver are located, and their coordinates are assigned in a Cartesian reference system integral with the grid itself. The comparison of the observed with the 3-D synthetic signals, obtained with the very efficient 3-DMS method, reveals that the synthetics reasonably match the early part of the recorded waveforms while the modelling does not reproduce all the details seen in the recorded waveforms especially at the higher frequencies. These discrepancies can be naturally explained by inadequacies in the 3-D structures and point source modelling as explained in discussion section. The 3-DMS procedure enables a realistic estimate of seismic hazard in those areas for which scarce (or no) historical or instrumental information is available and plays this role more realistic while being complete with the next step of adding near fault modelling for close places near to the source, it also enables the relevant parametric analyses to be performed. For instance, different source and structural models can be taken into account to create a wide range of possible ground shaking scenarios from which to extract essential information for decision-making in prevention and development planning.
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